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Substantial part of the northern margin of Indian plate is subducted beneath the Eurasian plate during
the Caenozoic Himalayan orogeny, obscuring older tectonic events in the Lesser Himalaya known to host
Proterozoic sedimentary successions and granitic bodies. Tectonostratigraphic units of the Proterozoic
Lesser Himalayan sequence (LHS) of Eastern Himalaya, namely the Daling Group in Sikkim and the
Bomdila Group in Arunachal Pradesh, provide clues to the nature and extent of Proterozoic passive
margin sedimentation, their involvement in pre-Himalayan orogeny and implications for supercontinent
reconstruction. The Daling Group, consisting of ﬂaggy quartzite, meta-greywacke and metapelite with
minor maﬁc dyke and sill, and the overlying Buxa Formation with stromatolitic carbonate-quartzite-
slate, represent shallow marine, passive margin platformal association. Similar lithostratigraphy and
broad depositional framework, and available geochronological data from intrusive granites in Eastern
Himalaya indicate strikewise continuity of a shallow marine Paleoproterozoic platformal sequence up to
Arunachal Pradesh through Bhutan. Multiple fold sets and tectonic foliations in LHS formed during
partial or complete closure of the sea/ocean along the northern margin of Paleoproterozoic India. Such
deformation fabrics are absent in the upper PalaeozoiceMesozoic Gondwana formations in the Lesser
Himalaya of Darjeeling-Sikkim indicating inﬂuence of older orogeny. Kinematic analysis based on
microstructure, and garnet composition suggest Paleoproterozoic deformation and metamorphism of
LHS to be distinct from those associated with the foreland propagating thrust systems of the Caenozoic
Himalayan collisional belt. Two possibilities are argued here: (1) the low greenschist facies domain in the
LHS enveloped the amphibolite to granulite facies domains, which were later tectonically severed; (2)
the older deformation and metamorphism relate to a Paciﬁc type accretionary orogen which affected the
northern margin of greater India. Better understanding of geodynamic evolution of the northern margin
of India in the Paleoproterozoic has additional bearing on more reﬁned model of reconstruction of
Columbia.
 2013, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved..ac.in.
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The Himalaya is a young mountain chain arising out of conti-
nental collision between the Indian plate and the Eurasian plate
since about 48 Ma before present (e.g. Le Fort, 1975). However, the
Lesser Himalayan domain tectonically bound between the Main
Central Thrust (MCT) and the Main Boundary Thrust (MBT) is
constituted of deformed Proterozoic rock sequences dating back to
w1.8 Ga (Kumar, 1997; Yin et al., 2010a). The Indian shield in its
peninsular part is also known to have widespread development of
Proterozoic rock sequences in the intracratonic basins as well as
fold belts (or mobile belts) that occur along the cratonic margins oreking University. Production and hosting by Elsevier B.V. All rights reserved.
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are multiply deformed even in domains away from the major
boundary thrusts eMCT and MBT. The MBT and MCT are known to
accommodate large part of the Himalayan collisional shortening in
the Darjeeling-Sikkim Himalaya (e.g. Bhattacharya and Mitra,
2009). Similar tectonic shortening has also been established for
traverses across Bhutan and Arunachal Pradesh (Yin et al., 2010b;
Long et al., 2012). Available geochronological data from intrusive
rocks in the Lesser Himalaya of the Eastern Himalaya suggest
a phase of deformation in this domain, which is pre-Himalayan (e.g.
Sinha-Roy, 1973; Paul et al., 1982; Kumar, 1997). The Indian shield is
suggested to have been involved in more than one supercontinent
assembly and break-up since the Paleoproterozoic (e.g. Rogers and
Santosh, 2004), andmany authors have focussed on the Proterozoic
Eastern Ghats and adjoining terrain along southeastern margin of
India, or the Central Indian mobile belts (cf. CITZ), to unravel India’s
proximity or otherwise with other Gondwana fragments in the
better known reconstructions on assembly/break-up of Pannotia-
Gondwana (ca. 550 Ma), Rodinia (1100e900 Ma) or even older
less well constrained Columbia (Mohanty, 2012; Santosh, 2012). In
this paper we focus on the Lesser Himalayan Proterozoic sequences
of Eastern Himalaya in Sikkim and Arunachal Pradesh (Fig. 1).
The southern and eastern margins of Peninsular India are
associated with exhumed granulite terrains as in the Eastern Ghats
or the southern granulite terrain, which are interpreted as products
of continental collision linked to Rodinia assembly, and/or Pan-
African orogeny (e.g. Collins and Pisarevsky, 2005; Collins et al.,
2008). The Lesser Himalaya is not known to have granulite facies
rocks. Thus it is open to question whether the earlier deformation
in this belt is linked to any Alpine-Himalayan type collisional oro-
gen, Andean type orogen, accretionary orogen or an intracratonic
mobile belt typical of Precambrian cratons. An overview of the
development of the precursor to Lesser Himalaya from Darjeeling-
Sikkim and western Arunachal Pradesh, prior to the onset of
Himalayan orogeny is presented here. The salient features of
deformation in these sectors are analysed to distinguish betweenFigure 1. Simpliﬁed regional geologic map of the Himalaya (after Acharyya, 2007). Study are
Frontal Thrust; MBT ¼ Main Boundary Thrust; MCT ¼ Main Central Thrust; STD ¼ South Ta supposed Proterozoic development and those related to Caeno-
zoic Himalayan orogeny. New microstructural and mineral
composition data on garnet porphyroblasts from Sikkim are also
presented to comment on the distinctive character of the older
kinematic framework as opposed to that related to Caenozoic
deformation-metamorphism-migmatisation in the MCT zone.
2. Overview of the stratigraphy of the Lesser Himalaya
Structurally below and south of the Main Central Thrust (MCT)
Proterozoic sedimentary successions are outcropped in the
Darjeeling-Sikkim sector and in Arunachal Pradesh. These meta-
sedimentary successions usually lie over the PalaeozoiceMesozoic
Gondwana rocks above the Main Boundary Thrust (MBT). The
above successions are strongly deformed and metamorphosed, and
in Arunachal Pradesh some of the metasedimentary rocks are
intruded by ca. 1925  23 Ma and 1536  60 Ma old granites
represented by Bomdila granite gneiss at Bomdila and Salari
respectively (Dikshitulu et al., 1995; Kumar, 1997) attesting to
Paleoproterozoic antiquity of these rock succession, namely the
Bomdila Group (Table 1). In recent years, U-Pb zircon geochro-
nology of the rock groups in western Arunachal Pradesh suggests
Bomdila gneiss to be 1743  4 Ma old (Yin et al., 2010b). Detrital
zircon geochronology from western Arunachal Pradesh also
corroborates that the upper part of the Lesser Himalayan succes-
sion (Lumla Formation/Dirang Formation) could be as old as
1600 Ma (Yin et al., 2006).
The main rock group in the Lesser Himalaya of western Aru-
nachal Pradesh is the Bomdila Group intruded by the granite
gneiss (Bomdila gneiss and other younger granites). The Bomdila
Group consists dominantly of shallow marine sedimentary
succession (now metamorphosed up to garnet-sillimanite grade)
is subdivided into three formation rank unitsdthe Khetabari
Formation, the Tenga Formation and the Chilliepam Formation in
ascending order (Kumar, 1997). The topmost formation repre-
sents a thick and extensive carbonate platform (Table 2), whichas in Sikkim and western Arunachal Pradesh (WAP) are shown boxed. HFT ¼ Himalayan
ibetan Detachment.
Table 1
Geochronological constraints on Proterozoic stratigraphic units of Sikkim and Arunachal Pradesh Lesser Himalaya.
Materials dated Method Age Reference Relevant stratigraphic unit
Lingtse gneiss, Sikkim Rb-Sr whole rock 1075  28 Maa Paul et al., 1982 Daling-Buxa Groups, Sikkim
Tonalite/granodioritic gneiss, borehole sample,
Dinajpur block, Bangladesh
Zircon, SHRIMP U-Pb 1722  6 Ma Ameen et al., 2007
Bomdila granite gneiss, Bomdila Rb-Sr whole rock 1925  23 Ma Dikshitulu et al., 1995 Minimum age of the Bomdila Group
Bomdila granite gneiss, Salari Rb-Sr whole rock 1536  60 Ma Kumar, 1997
Bomdila gneiss, western Arunachal Pradesh Zircon, SHRIMP, U-Pb 1743  4 Ma Yin et al., 2010a
Lumla Formation/Dirang Formation, western
Arunachal Pradesh
Detrital zircon, SHRIMP,
U-Pb
1600 Ma Yin et al., 2006 Possible maximum age of Lumla/Dirang
Formation
a Petrographic description of analysed samples (Paul et al., 1982) indicates deformation of constituent minerals and sericitization, thus this date may indicate a reset age.
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overlying the carbonate dominant Chilliepam Formation, the
Dirang Formation possibly represents Mesoproterozoic sedi-
mentation, as evident from recent geochronological dates (Yin
et al., 2006).
The Lesser Himalayan sequence outcropped beneath the MCT in
south and west Sikkim as well as adjoining areas of Darjeeling
district in West Bengal, consists mainly of three rock units: the
Daling Group, the Buxa Formation, and the coal bearing Gondwana
succession (Table 3). Further north and west around Pelling and
Sombarey biotite gneisses of Higher Himalaya (GHC of Yin, 2006)
are thrusted over the Daling rocks. The Lingtse gneiss in Sikkim has
been earlier interpreted to represent deformed slices of Proterozoic
granitic basement to the Daling rocks (Roy, 1976; Sinha-Roy and
Sengupta, 1986). Pending better constraints on the geochrono-
logic age of the Lingtse gneiss, the 1722 Ma old basement gneisses
obtained in boreholes from Dinajpur, Bangladesh may be treated as
evidence of emplacement of granitic/dioritic plutons (Ameen et al.,
2007) similar to the Lingtse gneiss in this domain along the
northern margin of Paleoproterozoic India. A simpliﬁed lithology
for the LHS rocks in Sikkim is shown in Fig. 2. The lower part of the
Daling Group, variably referred to as the Gorubathan Formation or
Daling Formation (Acharyya, 1980; Raina and Srivastava, 1980)
consists mainly of coarse to ﬁne grained, thick (w1 m) to moder-
ately thick bedded metagraywacke intercalated with grey-green
metapelites, minor metatuff, and maﬁc dykes and sills. The upper
part of the Daling Group (Reyang-Phuntsholing Formation) consists
of thin bedded (1e10 mm thick), ﬁne quartzite, slate (phyllite)
locally with development of heterolithic units, and maﬁc dykes and
sills. In less deformed part wavy to lenticular beds are common. The
structurally overlying Buxa Formation is dominated by grey to grey-
blue lithographic meta-limestone, locally stromatolite bearingTable 2
Abridged stratigraphy of the Proterozoic successions of western Arunachal Pradesh, afte
Rock unit Broad lithology
(lower Permian to Mesozoic) Bhareli Formation
Bichom Formation
eunconformitye
(Mesoproterozoic) Dirang Formation Garnet bearing pelitic sch
carbon phyllite
eunconformitye
Bomdila gneiss/Ziro gneiss (intrusive)
(middle to late Paleoproterozoic)
Bomdila Group
Chilliepam Formation Thick succession of carbon
carbonates are stromatoli
Tenga Formation Maﬁc volcanics with inter
quartzite with thin bands
Khetabari Formation Sericite-quartz phyllite, q
and calc-silicates
ebase not knownedolomitic limestone, intercalated with thin slates/phyllites, cherts
(siliciﬁed tuffs) and thin bedded, ﬁne grained quartzite.
The lithostratigraphic character of the Daling-Buxa Groups is
comparable to the Bomdila Group in Arunachal Pradesh (Tables 2
and 3; Kumar, 1997). A tentative correlation of the Bomdila
Group, Paro-Phuntsholing-Buxa (Baxa) Groups of Bhutan, and
Daling-Buxa Groups in Darjeeling-Sikkim (Kumar, 1997) raises the
possibility of a major shelf to carbonate platform extending along
the northernmargin of the Paleoproterozoic India. If the correlation
with Lesser Himalayan sequences of Northwest Himalaya (e.g.
Garhwal Group) through central Nepal (Lakharpata-Pokhara-Dai-
lekh Groups) is admissible as suggested by Ravi Shanker et al.
(1989), the extent of this Paleoproterozoic sea would be around
2000 km.
3. Structures in the Lesser Himalaya
As outlined by Gansser (1964) and later reviewed by Yin (2006),
the Proterozoic rock sequences of the Lesser Himalaya in
Darjeeling-Sikkim and Arunachal Pradesh are bound by the Main
Central Thrust (MCT) in the north and the Main Boundary Thrust
(MBT) in the south. Structurally the block represents a thrust wedge
in the generally foreland propagating thrust system (Seeber and
Gornitz, 1983; Bhattacharya and Mitra, 2009; Mukul, 2010; Matin
and Mazumder, 2009; Saha et al., 2011). These major north
dipping thrusts are associated with large tectonic displacements
(Yin et al., 2006), and the thrust zones are marked by strong ductile
to brittle-ductile shear related fabric (Saha, 2008). The internal
domains of the thrust wedge away from the thrust zones are also
deformed as evident from outcrop to large scale folds, domains
with pervasive cleavage, and related microstructures. An overview
of these structures is given below.r Kumar (1997).
Depositional
environment
ists, sericite quartzite, calc-silicates and impure marble, Mixed siliciclastic-
carbonate platform
ates with intercalated thin phyllite and quartzite; locally
tic
Carbonate platform
bedded dark phyllite, marble and sericite quartzite;
of phyllite in the upper part
Shallow shelf
uartzite, acidic tuff, graphitic phyllite with bands of marble Shallow shelf
Figure 2. Simpliﬁed geological map showing the domal outcrop of the MCT around Rangit window. MCT: Main Central Thrust; MBT: Main Boundary Thrust; MBTU: Roof thrust
surrounding Rangit duplex; GHC ¼ Greater Himalayan Crystallines; Qal ¼ Quaternary alluvium. Siwalik outcrops are not shown in this simpliﬁed map. Asterisks for sample locations.
Table 3
Abridged Proterozoic stratigraphy of the Lesser Himalaya, Darjeeling-Sikkim (after Roy, 1976; Acharyya, 1980; Raina and Srivastava, 1980; Matin and Mukul, 2010).
Rock group Broad lithology Depositional environment
Gondwana Supergroup Feldspathic to arkosic sandstone, shale and coal Fluvial to paralic
eangular unconformitye
Buxa Formation Blue grey dolomite locally with stromatolite, pink and grey
limestone, intercalated with thin argillites, chert (siliceous tuff),
dark slates and thin bedded quartzite
Peritidal to shallow shelf
Daling Group Reyang-Phuntsholing Formation Thin bedded quartzite, phyllites Shallow marine, above storm wave base
Gorubathan (Daling) Formation Greywacke, green shale/slate, tuff, maﬁc sills and dykes Distal ﬂyschoid assemblage (Acharyya, 1980)
Lingtse gneiss/subcrop basement gneiss of
Dinajpur
Granite gneiss, locally mylonitized/dioritic gneiss
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While the outline of the MCT in Sikkim is marked by a convex to
north re-entrant, the MBT passing through south of Kurseong and
Gorubathan has a relatively straight EeW trend (Fig. 3). The Jor-
ethang area in Sikkim is also marked by a tectonic window (Rangit
window; Ghosh, 1956; Gangopadhyay and Ray, 1980; Ray, 2000;
Bhattacharya and Mitra, 2009; Saha et al., 2011). The Daling Group
and the Buxa Formation of rocks south of MCT are marked by
multiple mesoscale folds and cleavage. The early tight folds with
curved hinges are usually inclined to reclined with variable plunge
of the hinges, but usually the hinge orientations lying on a schistose
foliation. The latter has variable orientations indicating inﬂuence of
later deformation (Fig. 4). Mesoscale open to close upright to
inclined folds often superimposed on early tight folds, kink bands,
crenulation cleavage particularly in pelitic and semi-pelitic rocks,
and brittle fractures with slickensides are common in the Daling
Group (Fig. 4). Close to the thrust zones, the schistose foliation is
commonly overprinted by shear bands. While one set of the shear
bands is subhorizontal and gentler than the main foliation and has
shear sense synthetic with respect to overall top-to-south thrust
displacement along the MCT or MBT, the other set is steeper and
antithetic (C00 and C0 shear bands). The quartz mylonites in the
immediate footwall of MCT south of Pelling, or south of Lava show
oblique grain shape fabric consistent with the top-to-south shear
sense.Figure 3. Simpliﬁed log showing an overview of tectonostratiThe pattern of development of structures in the internal part of
the Lesser Himalayan wedge in the Darjeeling-Sikkim sector is
distinct from those in the Higher Himalaya above the MCT, or from
those below the MBT and developed in the Gondwana/Siwalik/
Quaternary rocks. The younger rock groups as well as the younger
migmatitic rocks or leucogranites above the MCT in the Higher
Himalaya are deﬁnitely involved in the Himalayan collisional
orogeny as evidenced by folded leucosomal bands in pelitic mig-
matites (Fig. 5). Garnets in such leucosome bands (Fig. 5b) have
distinctive composition as described in a later section. On the other
hand, older LHS rocks are likely to be involved in older deformation
unrelated to Himalayan orogeny, and later affected by super-
imposed deformation. We examine below some selected micro-
structures in the deformed Daling rocks and put forward their
kinematic analysis to emphasize their distinctive kinematic history
as compared to that of the thrust zone rocks associated with the
MCT.
3.2. Deformation in LHS rocks of Arunachal Pradesh
The details of deformation in the Lesser Himalayan sequence of
western Arunachal Pradesh have been dealt with by a number of
workers (Bhusan et al., 1991; Kumar, 1997; Bhattacharyya and
Nandy, 2008; Goswami et al., 2009; Srivastava et al., 2011; Saha
et al., 2011). The Paleoproterozoic Bomdila Group and Ziro
(Bomdila) granite gneiss in Arunachal Pradesh form a wide beltgraphic framework, Darjeeling-Sikkim, Eastern Himalaya.
Figure 4. Mesoscopic structures in Darjeeling-Sikkim, below MCT. (a) Early inclined to reclined folds in Daling metapsammite below MCT, off Tindharia. (b) Multiple folds in Daling
metapelites, north of Dikchu; axial plane traces are numbered in order of superposition. (c) Lower hemisphere equal area plot showing orientations of slaty/phyllitic cleavage poles
(n ¼ 107) in Daling metapelite and metapsammite; note wide dispersion and a weak girdle. (d) Variable orientation of early inclined to reclined fold hinges (n ¼ 33).
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widely separated strands (Fig. 6). The Lumla outcrop in the Higher
Himalaya occurring far north of the main MCT trace around Dir-
ang consists of up to garnet grade psammopelites surrounded by
migmatitic gneisses of the GHC. The Lumla outcrop has been
tentatively interpreted as representing an MCT window (Yin
et al., 2006), or alternatively as a break back, reactivated MCT
(Saha et al., 2011). As in Sikkim, the Bomdila Group rocks in
western Arunachal Pradesh are affected by multiple folds and
cleavage (schistosity and crenulation cleavage). Early tight folds
within the Bomdila Group (F1, D1 structures of Kumar, 1997;
Srivastava et al., 2011) are inclined, show divergence in orienta-
tion of F1 hinges, axial planes, and axial planar slaty cleavage
(Fig. 7). The late folds, which also affect the younger Dirang
Formation/Lumla Formation rocks have steep axial plane and
show two dominant trends (NeS and EeW). In metapelitic rocks,
these late folds are associated with crenulation cleavage. Close to
MCT, the Dirang Formation rocks show imprint of shearingdeformation in the footwall of the MCT, evidenced by common
occurrence of a mylonitic foliation with conjugate shear bands
(Saha et al., 2011).
In this contribution, the emphasis is on structures which are
likely to represent Proterozoic tectonic events. As mentioned
earlier, the LHS of Arunachal is intruded by Bomdila granite gneiss
(Kumar, 1997; Bikramaditya Singh, 2010). The geochronological
dates obtained suggest Paleoproterozoic toMesoproterozoic age for
the granites (Table 1). East of Daporijo similar granite gneiss cuts
across schistose metapsammites. The gneissic bands and pods
occur as interfoliar injections and locally cross cut pre-existing
foliation formed earlier than the Paleoproterozoic granite
emplacement. The gneissic bands along with the early formed
schistosity in metapsammites are also folded indicating later
overprints (Fig. 8). Since the Daporijo outcrops of metapsammites
(Bomdila Group) are away from the MCT, the associated gneisses
are more likely to be equivalent of Bomdila gneiss (Ziro granite
gneiss, Table 2).
Figure 5. Mesoscopic structures in GHC rocks above MCT, Darjeeling-Sikkim.
(a) Biotite-granite gneiss (pelitic migmatite) around Gayabari (Darjeeling dt.)
showing asymmetric to overturned folds in leucosomal bands, above MCT. (b) Tightly
folded leucosome with garnet porphyroblasts (brown spots).
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There is considerable debate whether the structures present in
the Lesser Himalayan sequence are all related to the Caenozoic
Himalayan deformation (e.g. Bhattacharya and Mitra, 2009; Matin
and Mukul, 2010), or there are distinct evidences of pre-
Himalayan deformation structures (e.g. Raina and Srivastava,
1980; Joshi and Tewari, 2004, 2007; Joshi, 2008). A Precambrian
metamorphic and anatectic event has also been suggested based on
deformed granites from the Lesser Himalaya (Sinha-Roy and
Sengupta, 1986). Salient features of distinctive microstructures
and fabric from the LHS rocks in Darjeeling-Sikkim and their
kinematic signiﬁcance are presented below.
The schistose metapsammites and metapelites of the Daling
Group have undergone low grade metamorphism as indicated by
metamorphic mineral assemblage in the Darjeeling district and
adjoining south Sikkim, particularly in outcrops which are at
least a km away from the MCT trace (cf. MCT2 of Bhattacharya
and Mitra, 2009). North of the MBT the common mineral
assemblage is that of chlorite-muscovite-quartz which gives way
gradually to garnet bearing schists. In the vicinity of the MCT
thrust zone with strong shear related fabric, the garnet grade
quickly gives way to sillimanite grade at structurally higher
levels, indicating the famous inverted metamorphism in the
Himalaya (e.g. Ray, 1947; Neogi et al., 1998; Dasgupta et al.,
2004). Two representative examples of microstructures in
chlorite to garnet grade rocks are described here. That these
rocks are devoid of staurolite and/or sillimanite conﬁrms that
we are dealing with material at structural levels well below the
MCT.4.1. Chlorite grade schists
The ﬁrst example is that of a schistose greywacke belonging to
the lower part of the Daling Group (Gorubathan Formation, Table 3)
and exposed between Tindharia and Gayabari in Darjeeling district
(sample location 21A/4/06, Fig. 2). In a multiply deformed terrain,
pervasive foliations such as schistosity usually show a composite
character where the early foliation is transposed parallel to the
overprinting foliation. In this example, the schistosity is subparallel
to the overall banding in the rock deﬁned by variation in thickness
of the adjoining layers, internal stratiﬁcation, relative abundance of
thin micaceous partings, grain size segregation and presence or
absence of small asymmetric rootless folds and late crenulations.
The schistosity apparently represents a composite foliation, which
we refer to as S1/S2. S1/S2 is marked by felts of chlorite-muscovite
aggregates deﬁning cleavage seams (50e200 mm thick) which
anastomose around porphyroclasts of feldspar, quartz and occa-
sional altered granite-granodioritic rock fragments. The cleavage
spacing is controlled by the size of the clasts usually in the range
100e500 mm. Partial recrystallization of the quartz is common, but
feldspar grains usually show microfractures and micro-boudinage.
Many of the feldspar clasts (plagioclase and perthite) are associated
with pressure solution fringes parallel to the main schistosity.
Fibrous chlorite (and/or chlorite-muscovite intergrowths) in these
pressure shadows are straight, and are symmetrical with respect to
clast centre where both the fringes are preserved in the thin section
(Fig. 9a). Clearly, the geometry of the microstructures suggests
development under pure shear regime.
Since such microstructures are prevalent over a considerable
thickness (up to a few tens of metres) of the metapsammites, the
bulk deformation in such domains is dominantly pure shear. This
raises the issue that the kinematics may not necessarily be
a product of thrust related pervasive deformationwhere onewould
expect sigma and/or delta structures in porphyroclasts (e.g.
Passchier and Trouw, 1996).
The composite nature of S1/S2 is brought out by local devel-
opment of a steeper shear band cleavage which produces local
drags on the micaceous seams. The sense of offset along the thin
shear bands (w50 mm) and the large angle (40e50) between the
schistosity trace and the shear band suggest these to be
comparable to antithetic shear bands. The local presence of the
above shear bands corroborates the composite nature of the S1/S2.
4.2. Garnet grade schists
The second example is from a pelitic schist representing the
relatively upper part of the Daling Group (Reyang-Phuntsholing
Formation) outcropped southeast of Geyzing. Here, the meta-
morphic mineral assemblage is muscovite-biotite-quartz-garnet
with common occurrence of garnet porphyroblasts. Some of the
garnets show retrograde alteration to chlorite and the matrix
contains ilmenite. Large garnets (1mm) preserve folded inclusion
trails of small quartz and ilmenite similar to snowball garnets, and
the si trail continues into the external schistosity (se). The grain size
of included minerals is smaller compared to the matrix quartz
grains. Such garnets also show pressure solution fringes with
quartz and chlorite ﬁbres which are straight and subparallel to
external schistosity (Fig. 9b). The snowball garnet like inclusion
trail is indicative of an early non-coaxial deformation fabric (simple
shear or general shear), while straight quartz chlorite ﬁbres in the
pressure shadow suggest pure shear regime which followed or
overprinted the early non-coaxial deformation (Fig. 10). Note that
contrary to garnet samples from Rangli section, interpreted as
syntectonic with respect to local S2 foliation (Dasgupta et al., 2004),
the Geyzing snowball garnet sample (GK28Phy) is syntectonic with
Figure 6. Simpliﬁed geological map of Arunachal Pradesh (modiﬁed after Kumar, 1997; Geological Survey of India Map 2005). Geological information beyond dashed line in the
north is excluded.
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by a crenulation cleavage (S2).
The deformation history and interpreted kinematics in the
second example are not directly compatible with deformation in
the MCT zone further north. The common occurrence of S-C fabric,
southerly verging folds on quartz veins or leucosome bands in the
migmatites, mica ﬁsh and local delta structures are indicative of
a strong component of top-to-south shear in theMCT zone (Fig. 5a).
But unlike the garnet grade pelitic schists south of Geyzing, the
MCT zone schists further north do not show any microstructures
indicative of late pure shear overprinting on an earlier simple shear
or general shear deformation. Larger garnets (size  1.5 mm) in
samples from pelitic migmatites above the MCT contain random
inclusions of euhedral to subhedral biotite, alkali feldspar and
quartz, but no ilmenite inclusion in the studied samples (Fig. 10b).
The inclusions are also much larger in grain size (up to 400 mm)
compared to those in garnet porphyroblasts occurring in rocks
below the MCT.
5. Garnet composition in the LHS schists and in pelitic
migmatites above the MCT
As described above the LHS garnets below the MCT in
Darjeeling-Sikkim are associated with distinctive microstructures,
not apparent in the garnets common in the migmatitised meta-
pelites several kilometres north of (and above) the MCT. Garnets
from these two domains were subjected to EPMA for mineral
chemistry (Table 4). The analysis was carried out in the EPMA Lab,
Geological Survey of India, Kolkata, using Cameca SX 100equipment under 15 KV accelerating voltage, beam size 1 mm. End
member compositions were obtained from EPMA analyses using
spreadsheet based calculator. Both the garnet groups show
considerable spread in composition on almandine-pyrope-
spessartine ternary plots, particularly the zoned garnets from the
LHS metapelites. The compositionally zoned LHS garnets (sample
GK28Phy) show variation in spessartine component from 14.3 mol
% (core) to 1.9 mol% (rim), commonly expected in prograde meta-
morphism (Table 4a; e.g. Carlos et al., 2010). However, the garnets
from the leucosomes in migmatites above the MCT in Darjeeling-
Sikkim have higher pyrope (XMg 6e8%) content compared to LHS
garnets (Table 4b). Distinct clusters are also noted in ternary plots
Alm-Grs-Sps and Alm-Prp-Grs (Fig. 11a). The LHS garnet porphyr-
oblasts, below the MCT, usually show spiral inclusion trails of small
quartz and ilmenite, retrogression to chlorite along fractures and
a compositional range (Prp0.03e0.05Alm0.60e0.77Sps0.03e0.13). XMn
contents in the GHC garnets (sample 21A-4-06) show only a weak
variationwith slightly higher XMn in the rim compared to that in the
core (e.g. compare analyses 8 and 9 in Table 4b). However, garnets
from sample location GA27-28 show a much larger variation in XMn
content compared to sample 21A-4-06, but relatively higher XMn in
the rim compared to the core of individual garnet grains (Table 4c).
The range of composition of analysed GHC garnets in this study is
Prp0.06e0.10Alm0.60e0.85Sps0.02e0.15.
For comparison, the cluster of garnet composition obtained
from GHC gneisses from around Yuksom in western Sikkim is also
shown (Fig. 11b; Harris et al., 2004). Neogi et al. (1998) also re-
ported garnet compositions with higher XMg and low XMn from
pelitic migmatites above the MCT in northern Sikkim. If the above
Figure 7. Early folds (D1) and slaty cleavage in the Bomdila Group, Arunachal Pradesh.
(a) Overturned, inclined folds in thin bedded LHS quartzite, east of Yapuik; view
looking south. Note late folds (D2 or D3) on the overturned limb. (b) Slaty cleavage
parallel to fold axial plane of an early inclined fold in calcareous phyllite, oblique view
looking west.
Figure 8. Intrusive granite gneiss, off Daporijo, LHS of Arunachal Pradesh. (a) Inter-
foliar injection of porphyritic granite in foliated metapsammites of the Bomdila Group.
(b) Granitic veins cutting early foliation in metapsammite. (c) Porphyritic granitic
bands affected by late folds.
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true compositional trend, then garnets in migmatitic gneisses
(GHC) have distinctly higher XMg content.
6. Discussion
Supercontinent reconstructions of Gondwana (ca. 530 Ma,
Collins and Pisarevsky, 2005; Collins et al., 2008) and Columbia
(1.8e1.6 Ga, Zhao et al., 2002; Hou et al., 2008) usually show the
northern margin of greater India as free from any adjoining conti-
nental/cratonic fragment; this margin faces a global paleo-ocean in
these reconstructions. On the other hand, India, South China,
eastern part of Tibet and Tarim are shown connected to western
Australia in Rodinia reconstructions (1100e900 Ma, Condie, 2003;
Rogers and Santosh, 2004; Evans, 2009). During the Himalayan
orogeny (starting around 48 Ma) substantial part of the northernmargin of Indian plate is subducted beneath the Eurasian plate. The
other margins of Indian craton coincide with the exhumed Prote-
rozoic granulite belts indicating subduction and/or continental
collision (e.g. Santosh, 2012; cf. Mohanty, 2012). The necessary
corollary is that during the Paleoproterozoic, the northern margin
of greater India either represented a passivemargin or a Paciﬁc type
margin of plate convergence. Global tectonic events in the interval
Ediacaran to lower Palaeozoic, and those during the Alpine-
Himalayan orogeny have obscured to a large extent the Paleo-
proterozoic basinal development along the northern margin of
India, including their initial inversion, and metamorphism of the
Figure 9. Microstructure in Daling rocks below the MCT. (a) Schistose meta-greywacke
with straight chlorite ﬁbres (arrows) in pressure fringes around feldspar porphyroclast.
(b) Garnet porphyroblast in metapelite sample from Geyzing showing spiral inclusion
trails (see text for detail).
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able geochronological constraints emphasize Paleoproterozoic
antiquity of intrusive granites in the LHS, spread across the entire
length of the Himalaya (e.g. Miller et al., 2000; Kohn et al., 2010; Yin
et al., 2010a,b; Long et al., 2012).
In this context the timing(s) of metamorphism in the LHS is
important. The Lesser Himalayan sequence (LHS) with its low grade
PaleoproterozoiceMesoproterozoic metasedimentary rocks is
known to have records of deformation andmetamorphism induced
prior to main Tertiary collision related events (e.g. Gaetani and
Garzanti, 1991; Valdiya, 1995). Combined illite crystallinity,
40Ar-39Ar and K-Ar studies from the Lesser Himalaya of Garhwal
also suggest that mid-late Miocene high temperature shearing
event in the MCT zone did not affect the MCT footwall Lesser
Himalaya to any regional extent, where pre-Permian low grade
regional metamorphism has not been overprinted (Oliver et al.,
1995). Based on thermobarometric analysis and Th-Pb ion micro-
probe monazite ages a protracted and complex metamorphic
history of the GHC and LHS rocks extending from Paleo-
Mesoproterozoic to late Miocene has been inferred from Garhwal
and Eastern Nepal Himalaya (Catlos et al., 2002). While oldest re-
ported monazite spot ages is 1566  49 Ma from upper Lesser
Himalaya augen gneiss, De Celles et al. (2000) reported zircon ages
from an equivalent augen gneiss as w1831 Ma. Although the
geochronologic data bearing on these pre-Himalayan events arenot uniform across the Himalayan orogen, granitic plutons ranging
in age from late Precambrian (ca. 552 Ma) to Ordovician (ca.
453 Ma) and intruding the LHS have been reported from western
Himalaya (Le Fort et al., 1986; Table 1 in Miller et al., 2000).
Assuming that the emplacement of these plutons follow a phase of
low grade regional metamorphism in the LHS one may argue Pan-
African (lower Palaeozoic) thermal resetting in the LHS. However,
some authors suggest c. 1.84 Ga old crustal magmatism in NW
Himalaya (Miller et al., 2000; Kohn et al., 2010).
Evidences from Eastern Himalaya in the Darjeeling-Sikkim
sector and western Arunachal Pradesh favour extensive shallow
marine sedimentation in the Paleoproterozoic (ca. 1.8e1.9 Ga),
represented by the Daling Group in Sikkim and its tentative
equivalents in the Shumar-Daling Group in Bhutan and the Bomdila
Group in western Arunachal Pradesh (Kumar, 1997; Yin et al.,
2010b; Long et al., 2012). Development of extensive and thick
carbonate succession (e.g. the Chilliepam Formation and its
equivalents in Arunachal Pradesh; Das et al., 1975; Bhusan et al.,
1991; Kumar, 1997) is suggestive of passive margin sedimenta-
tion, as encountered in Paleoproterozoic craton margin Cuddapah
basin of south India (Saha and Tripathy, 2012; Patranabis-Deb et al.,
2012) or in the extensive 1.89 Ga carbonate platform (Rocknest
Formation) along the eastern passive margin of Slave craton,
Canada (Grotzinger, 1986). The sedimentary basins of the northern
part of greater India in the Proterozoic are now tectonically stacked
in the Lesser Himalaya. Indirect evidence suggests that the base-
ment to these sedimentary succession is largely granitic/granodi-
oritic, for example the Lingtse gneiss in Sikkim (Sinha-Roy and
Sengupta, 1986; cf. Kohn et al., 2010).
Available detrital zircon geochronological data from Arunachal
Pradesh and Bhutan favour at least three major metamorphic and
igneous activity e ca. 1600 Ma, ca. 900e1100 Ma and ca.
480e500Ma in the Lesser Himalayan sequence, apart from thewell
established ca. 1.8e1.9 Ga old granites intruding the Paleoproter-
ozoic metasedimentary successions (e.g. Yin et al., 2006, 2010a,b;
Long et al., 2012). Similar geochronological dates indicating Pale-
oproterozoic felsic magmatism are also reported from LHS of
northwestern Himalaya (e.g. Trivedi et al., 1984; Miller et al., 2000;
Singh and Jain, 2003; Kohn et al., 2010). Kumar (1997) also sug-
gested inﬂuence of pre-Himalayan orogeny in the Lesser Himalayan
sequence of Arunachal Pradesh, and recognized three early phase of
folds, which are absent in the Permian lower Gondwana and
younger sedimentary successions of Arunachal Pradesh.
In Darjeeling-Sikkim, the Daling Group has structures indicating
multiple contractional deformation and up to garnet grade meta-
morphism in domains well below the MCT. Penetrative foliations
away from the inﬂuence of major thrusts, namely Main Central
Thrust (MCT) and Main Boundary Thrust (MBT) favour pre-
Himalayan deformation. Such deformations are apparently not
recorded in the PalaeozoiceMesozoic Gondwana formations in the
Lesser Himalaya of Darjeeling-Sikkim. The deformation style and
orientations of folds and cleavage are also distinctive in the internal
part of the Lesser Himalayan wedge. The kinematic analysis based
onmicrostructures of the schistose Daling rocks also implies a stage
of contraction under bulk pure shear, which followed early general
shear evidenced from fabric frozen in inclusion trails within
snowball garnet (Fig. 5b). Pure shear deformation interpreted from
straight ﬁbres in pressure fringes in chlorite grade schistose met-
apsammite sample from Darjeeling described earlier (Fig. 5a) could
be due to partitioning of strain into alternate pure shear and simple
shear domains under bulk non-coaxial strain commonly observed
in thrust zones. However, the garnet porphyroblasts with spiral
inclusion trails show compositional zoning with relatively lower
XMn in the garnet rim (0.02e0.4) compared to that in the core (XMn:
0.09e0.14) indicating prograde porphyroblast growth, while the
Figure 10. (a) LHS Garnet porphyroblast (sample GK28Phy) with spiral inclusion trail (si-se highlighted in red dotted line), BSE image. Schematic kinematic interpretation shows
early non-coaxial strain (1) overprinted by pure shear (2) indicated by straight quartz (black) and chlorite (grey) ﬁbres in pressure shadow around garnet (bright, white). (b) BSE
image showing GHC garnet porphyroblast (sample GA27 gns) containing randomly oriented inclusions of biotite (grey), alkali feldspar (dark) and quartz (dark).
D. Saha / Geoscience Frontiers 4 (2013) 289e304 299straight chlorite ﬁbres grew in the pressure fringes around garnets
at a later stage under lower temperature. Comparable chlorite
microstructures around feldspar porphyroclasts, favour late stage
pure shear deformation now preserved in thick metapsammites
rather than strain partitioning into alternate pure shear-simpleshear domains under prograde metamorphism. The prograde
metamorphism during Himalayan orogeny reached up to K-
feldsparesillimanite isograd leading to anatexis (e.g. Dasgupta
et al., 2004). This is well recognized in the inverted metamorphic
sequence of the MCT zone in Sikkim north of the MCT trace (e.g.
Table 4
Garnet composition in LHS metasediments and pelitic migmatites above MCT; samples from above MCT contain K-feldspar þ sillimanite in addition to garnet, biotite and quartz.
(a) LHS garnets-southeast of Geyzing
1 2 3 4 5 6 7 8 9 10 11 12 13 14
GK28phy-Gt
core-1
GK28phy-Gt
core-2
GK28phy-Gt
core-3
GK28Phy-Gt
rim
GK28Phy-Gt
rim-1
GK28Phy-Gt
rim-2
GK28Phy-Gt
rim-3
GK28Phy-Gt
core-1
GK28Phy-Gt
core-2
GK28Phy-Gt
core-3
GK28Phy
rim-1
GK28Phy
rim-2
GK28Phy
rim-3
GK28Phy
core
SiO2 36.08 36.48 36.35 36.85 36.93 37.09 36.61 37.24 36.49 36.74 36.55 36.49 36.74 36.65
TiO2 0.16 0.15 0.14 0.04 0.03 0.05 0.12 0.13 0.1 0.1 0.13 0.11 0.06 0.07
Cr2O3 0 0 0 0.05 0 0.02 0.04 0 0 0 0 0.01 0.05 0.04
Al2O3 20.48 20.43 20.47 20.59 20.91 21.02 20.36 20.74 20.64 20.57 20.48 20.49 20.68 20.78
FeO 29.6 29.25 29.83 35.85 34.12 32.92 30.98 31.08 30.35 29.4 34.52 34.82 35.35 30.57
MnO 6.06 6.63 6.33 0.87 2.54 3.98 4.63 5.19 5.98 5.99 1.36 1.92 1.84 4.59
MgO 0.81 0.78 0.82 1.24 1.13 0.96 0.93 0.81 0.83 0.87 1.29 1.16 1.12 0.96
CaO 5.98 6.22 6.2 4.45 4.57 5.02 5.28 5.63 5.64 5.78 4.9 4.69 4.62 5.59
Na2O 0 0.01 0 0.05 0.02 0.04 0.01 0 0 0.5 0.04 0.01 0 0.02
K2O 0 0 0 0 0 0.1 0 0 0 0 0 0 0 0
Total 99.17 99.95 100.14 99.99 99.99 100.25 101.20 98.96 100.82 100.03 99.95 99.27 99.70 100.46
XMg 0.049 0.048 0.050 0.059 0.056 0.051 0.051 0.045 0.049 0.055 0.064 0.058 0.055 0.053
XFe
2þ 0.648 0.632 0.637 0.797 0.762 0.719 0.701 0.688 0.662 0.623 0.770 0.770 0.778 0.691
XCa 0.177 0.182 0.182 0.130 0.133 0.146 0.154 0.162 0.165 0.173 0.144 0.137 0.135 0.163
XMn 0.142 0.154 0.147 0.020 0.058 0.091 0.107 0.118 0.139 0.142 0.031 0.044 0.042 0.106
(b) Garnets above MCT, biotite gneiss, Darjeeling
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
21a/4/06
Gt rim-1
21a/4/06
Gt rim-2
21a/4/06
Gt core-1
21a/4/06
Gt rim
21a/4/06
Gt core-2
21a/4/06 Gt
rim, leuco
vein
21a/4/06 Gt
core, leuco
vein
21a/4/06 Gt
core, leuco
vein
21a/4/06
Gt rim,
leuco vein
21a/4/06 Gt1
rim, leuco
vein
21a/4/06 Gt1
core, leuco
vein
21a/4/06 Gt2,
small core,
leuco vein
21a/4/06 Gt2
small rim,
leuco vein
21a/4/06 Gt
small, rim,
leuco vein
21a/4/06 Gt
small, core,
leuco vein
SiO2 36.27 34.77 36.16 36.55 36.57 36.68 36.14 36.68 36.23 36.47 36.48 36.67 37.07 36.26 36.13
TiO2 0.08 0.15 0 0.02 0.03 0.09 0.03 0 0.08 0.14 0 0 0.07 0.03 0
Cr2O3 0.01 0 0 0.01 0 0 0.03 0.05 0 0 0.01 0.04 0.05 0.05 0.01
Al2O3 20.63 20.59 20.66 21.19 21.22 21.15 20.77 21.19 20.99 20.83 20.91 20.92 21.16 20.87 20.96
FeO 31.87 33.43 31.64 31.28 32.01 31.45 32.01 31.83 31.3 31.89 31.99 31.89 31.69 31.14 32.09
MnO 4.57 4.77 4.31 4.91 4.08 4.21 4.78 4.48 4.83 4.38 4.64 4.35 4.04 4.86 4.44
MgO 1.93 1.81 2.13 1.94 2.26 1.85 1.54 1.9 1.54 1.85 1.73 1.9 1.87 1.39 1.79
CaO 4.17 3.82 4.37 4.12 3.58 4.05 4.34 4.23 4.61 3.91 3.98 3.94 4.63 4.41 4.01
Na2O 0.04 0.06 0.02 0 0.01 0 0.03 0.01 0.03 0.01 0.03 0.02 0.02 0.03 0.02
K2O 0.02 0.02 0 0 0.01 0 0 0.02 0.02 0 0 0 0.01 0 0.02
Total 99.59 99.42 99.29 100.02 99.77 99.48 99.67 100.39 99.63 99.48 99.77 99.73 100.61 99.04 99.47
XMg 0.104 0.102 0.114 0.103 0.115 0.096 0.084 0.100 0.085 0.096 0.092 0.099 0.097 0.076 0.095
XFe
2þ 0.688 0.684 0.680 0.686 0.708 0.710 0.694 0.694 0.685 0.708 0.703 0.706 0.697 0.697 0.701
XCa 0.123 0.118 0.130 0.121 0.105 0.118 0.129 0.124 0.136 0.115 0.117 0.115 0.134 0.130 0.119
XMn 0.107 0.116 0.101 0.114 0.095 0.097 0.112 0.104 0.113 0.101 0.108 0.101 0.092 0.114 0.104
(c) Garnets above MCT, eastern ﬂank of Sikkim dome
1 2 3 4 5 6 7 8 9 10 11 12 13
GA27z-pel GA27z-pel GA27 gns core GA27 gns rim-1 GA27 gns rim-2 GA28, core GA28, core GA28, rim GA28, rim GA28, rim GA28, core GA28, Gt2 GA28, Gt
SiO2 36.73 36.53 36.82 35.94 36.64 36 36.12 36.59 37.08 36.26 36.84 37.33 36.71
TiO2 0 0 0 0 0 0 0 0 0 0 0 0.2 0
Cr2O3 0.1 0 0.02 0 0 0 0.02 0.05 0 0 0 0.08 0
Al2O3 21.08 21.17 21.01 20.31 20.95 20.37 19.94 20.79 21.56 20.73 20.67 21.45 20.64
FeO 30.58 30.82 33.09 33.64 32.75 38.58 38.32 38.01 37.18 38.93 37.88 38.98 37.61
MnO 6.94 6.98 5.1 5.81 5.32 0.91 0.67 0.59 0.55 1.09 0.57 0.81 1.82
MgO 2.62 2.3 2.68 2.12 2.33 1.72 1.78 2.32 2.15 1.65 2.07 1.62 1.6
CaO 1.82 2.02 1.3 1.22 1.22 1.42 1.36 1.48 1.76 0.82 1.15 0.92 1.23
Na2O 0.01 0 0.01 0.04 0.02 0.06 0 0.03 0.02 0.01 0 0.03 0.02
K2O 0 0 0 0 0 0 0.01 0.02 0 0 0 0.01 0.04
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D. Saha / Geoscience Frontiers 4 (2013) 289e304 301Dasgupta et al., 2004). Thus it is argued that these snowball garnets
in LHS are older than the garnets with higher XMg (0.11e0.13)
common in the migmatitic leucosomes in the MCT zone (above
the MCT), and which also show random inclusions of biotite and
euhedral feldspar possibly crystallized from the partial melts.
The snowball garnets (XMg: w0.05) are thus considered to be syn-
tectonic with respect to older (likely Paleoproterozoic) contrac-
tional deformation which affected the northern margin of greater
India.
Contractional deformation in the Bomdila Group and in the
intrusive Paleoproterozoic Bomdila/Ziro gneiss in Arunachal Pra-
desh is also important in this respect. Granulite facies rocks are
absent in either of these belts indicating their spatial position away
from any major pre-Himalayan continental collision zone. On the
other hand, early deformation and granulite metamorphism from
the Shillong plateau have been interpreted as representing Gren-
vellian and/or Pan-African continental collision(s) among East
Gondwana fragments, namely, India, Rayner province in Antarctica
and Australia (e.g. Yin et al., 2010a,b). Based on monazite ages
Chatterjee et al. (2007) demonstrated that the older gneisses in the
Shillong plateau suffered granulite facies metamorphism and
igneous intrusion in theMesoproterozoic. Drill hole intersections of
ca. 1722  6 Ma old tonalitic to granodioritic basement gneisses
have also been reported from the Dinajpur block of Bangladesh
(Ameen et al., 2007) suggesting Paleoproterozoic tectonic events
involving the northern margin of greater India. Below the Main
Central Thrust, the Daling rocks in Darjeeling-Sikkim and the
Bomdila Group in Arunachal Pradesh usually show chlorite to
garnet grade of metamorphism.
Two possibilities may be considered: (1) The low greenschist
facies deformed metasedimentary belts in the Lesser Himalaya
enveloped the amphibolite to granulite facies domains, which were
later tectonically severed. The Se La Group in the Higher Himalaya
is often interpreted as representing the earliest Paleoproterozoic
sedimentation (Kumar,1997). Yin et al. (2010b) also reported zircon
U-Pb ages (EPMA) clustering around 1750Ma from orthogneisses in
the Main Central thrust hanging wall, which they interpreted as
pluton emplacement ages; (2) The older deformation and meta-
morphism relate to Paciﬁc type accretionary orogens which
affected the northern margin of greater India. The difﬁculty with
the second alternative is the apparent absence of any deﬁnite
Proterozoic oceanic crust sliver in the LHS of Eastern Himalaya.
However, Kohn et al. (2010) argue in favour of a Paleoproterozoic
arc based primarily on the mineralogy and geochemistry of the
metasedimentary rocks, trace element chemistry of associated
orthogneisses and metabasalts and detrital zircon geochronology
from theMunsiari rocks (LHS) of northwestern India. Together with
the distinctive Paleoproterozoic deformation and metamorphic
imprints preserved in the LHS of Sikkim and Arunachal Pradesh,
India the emerging evidences provide additional support for
reconstruction of late Paleoproterozoic supercontinent Columbia
(Hou et al., 2008). It may be noted that major and trace element
geochemistry of the LHS granitoids, namely Bomdila granite gneiss
and Salari granite indicate these granitoids to be of syn-collisional
to volcanic arc origin (Bikramaditya Singh, 2010). A better
geochronological control on the deformation/metamorphism
related fabric in the Lesser Himalayan rocks may better constrain
the geodynamic evolution of the northern margin of India in the
Proterozoic. Therefore further reﬁnement of anymodel of Columbia
(Nuna) reconstruction should take into account not only the
Eastern Ghats or other belts in Peninsular India, but also the Shil-
long plateau and the Lesser Himalayan sequence which provide
ample evidence of Paleo- to Meso-Proterozoic sedimentation, their
deformation and metamorphism unrelated to and older than the
Caenozoic Himalayan collisional orogeny.
Figure 11. Ternary plot showing range of garnet compositions. (a) GHC garnets close to MCT versus LHS garnets, studied samples in Darjeeling-Sikkim. Note distinct clusters for two
groups: blue outline for the ﬁeld of LHS garnets (GK28Phy), red outline for the ﬁeld of GHC garnets (21A-4-06), see text for detail. (b) Comparison of garnets of this study versus
garnets from leucogranite, Yuksom, west Sikkim (pink outline; Harris et al., 2004). Larger red ellipse and smaller dots correspond to GHC samples (21A-4-06, GA27-28) above the
MCT.
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Emerging geological evidences and geochronological
constraints from the Lesser Himalayan sequences (LHS) from
western, central and Eastern Himalaya favour widespread devel-
opment of shallow marine successions and carbonate platforms
indicative of passive margin sedimentation along the northern
margin of Paleoproterozoic India, comparable in scale with shallow
marine sedimentation at the margin of Eastern Dharwar craton,
southeastern India. Early deformation structures, mineral chem-
istry, and kinematic interpretation of porphyroblast microstruc-
tures from LHS of Darjeeling-Sikkim and Arunachal Pradesh help in
reconstructing a phase of Paleoproterozoic deformation and
metamorphism and felsic magmatism.
The present study shows distinctive microstructure and
composition associated with LHS garnets vis-à-vis those above the
Main Central Thrust (MCT). The LHS garnet porphyroblasts, wellbelow the MCT, usually show spiral inclusion trails of small quartz
and ilmenite, retrogression to chlorite along fractures and
a compositional range (Prp0.03e0.05Alm0.60e0.77Sps0.03e0.13). Larger
garnets (>1 mm) in leucosomes in pelitic migmatites above the
MCT contain inclusions of quartz, euhedral to subhedral feldspar,
biotite, and rarely monazite. Studied and analysed samples are
devoid of spiral inclusion trails. Smaller garnet grains (size
w0.5 mm) in this domain may be inclusion free. However, these
garnets above the MCT show relatively higher XMg value (compo-
sitional range Prp0.06e0.10Alm0.60e0.85Sps0.02e0.15).
The kinematic interpretation of microstructures associated
with LHS garnet prophyroblasts in Sikkim favours an early non-
coaxial deformation followed by a coaxial (pure shear) deforma-
tion, the latter accompanying chlorite grade metamorphism, and
which is contrary to general top-to-south thrust sense shear in the
MCT zone usually retaining signatures of prograde- but inverted
metamorphism. In conjunction with the available geologic and
D. Saha / Geoscience Frontiers 4 (2013) 289e304 303geochronologic data from Eastern Himalaya (e.g. Dikshitulu et al.,
1995; Yin et al., 2010b; Long et al., 2012), the above LHS garnet
microstructure is proposed to record Paleoproterozoic deforma-
tion unrelated to Caenozoic Himalayan orogeny. This pre-
Himalayan orogeny may have led to the partial or complete
closure of the extensive shallow sea along the northern margin of
Paleoproterozoic India. Better age constraints on this deformation
may facilitate correlationwith tectonic events in other continental
fragments with Archaeaneearly Paleoproterozoic remnants, and
likely provide further constraints on reconstruction of Columbia
(Nuna).
Acknowledgments
I sincerely thank Prof. S.P. Mohanty for inviting me to submit
this manuscript, and patiently encouraging me to complete the
same. Ideas relating to this paper were originally presented at IAGR
Annual General Meeting, 2011 at Hyderabad. I have beneﬁtted from
discussions with a number of colleagues there. Critical but helpful
comment from an anonymous reviewer is thankfully acknowl-
edged. Shyamal Sengupta, Basab Chattopadhyay and Sandip Nandy
are thanked for their assistance in mineral analysis at GSI, EPMA
Lab, Kolkata. Cheerful company of Diptansu and Sankha during ﬁeld
work is fondly remembered. This work is supported by Indian
Statistical Institute.
References
Acharyya, S.K., 1980. Structural framework and tectonic evolution of the Eastern
Himalaya. Himalayan Geology 10, 412e439.
Acharyya, S.K., 2007. Evolution of the Himalayan Paleogene foreland basin, inﬂu-
ence of its litho-packet on the formation of thrust-related domes and windows
in the Eastern Himalayas e a review. Journal of Asian Earth Sciences 31, 1e17.
Ameen, S.M.M., Wilde, S.A., Kabir, Z., Akon, E., Chowdhury, K.R., Khan, S.H., 2007.
Paleoproterozoic granitoids in the basement of Bangladesh: a piece of the
Indian shield or an exotic fragment of the Gondwana jigsaw? Gondwana
Research 12, 380e387. http://dx.doi.org/10.1016/j.gr.2007.02.001.
Bhattacharya, K., Mitra, G., 2009. A new kinematic evolutionary model for the
growth of a duplex e an example from the Rangit duplex, Sikkim Himalaya,
India. Gondwana Research 16, 697e715.
Bhattacharyya, S., Nandy, S., 2008. Geology of the Western Arunachal Himalaya in
parts of Tawang and West Kameng districts, Arunachal Pradesh. Journal of the
Geological Society of India 72, 199e207.
Bhusan, S.K., Bindal, C.M., Aggarwal, R.K., 1991. Geology of Bomdila group in Aru-
nachal Pradesh. Journal of Himalayan Geology 2, 207e214.
Bikramaditya Singh, R.K., 2010. Geochemistry and petrogenesis of granitoids of
Lesser Himalayan Crystallines, western Arunachal Himalaya. Journal of the
Geological Society of India 75, 618e631.
Carlos, A.R.R., Oscar, M.C.A., Takasu, Akira, 2010. X-ray color maps of the zoned
garnets from Silgará Formation metamorphic rocks, Santander Massif, Eastern
Cordillera (Colombia). Earth Sciences Research Journal 14, 161e172.
Catlos, E.J., Harrison, T.M., Canning, C.E., Grove, M., Rai, S.M., Hubbard, M.S.,
Upreti, B.N., 2002. Records of the evolution of the Himalayan orogen from in
situ Th-Pb ion microprobe dating of monazite: eastern Nepal and western
Garhwal. Journal of Asian Earth Sciences 20, 459e479.
Chatterjee, N., Mazumdar, A.C., Bhattacharya, A., Saikia, R.R., 2007. Mesoproterozoic
granulites of the Shillong-Meghalaya Plateau: evidence of westward continu-
ation of the Prydz Bay Pan-African suture into northeastern India. Precambrian
Research 152, 1e26. http://dx.doi.org/10.1016/j.precamres.2006.08.011.
Collins, A.S., Pisarevsky, S.A., 2005. Amalgamating eastern Gondwana: the evolution
of circum Indian orogens. Earth-Science Reviews 71, 229e270.
Collins, A.S., Clarke, C., Chetty, T.R.K., Santosh, M., 2008. Ediacaran-Cambrian
tectonic evolution of southern India. Indian Journal of Geology 80, 23e40.
Condie, K., 2003. Supercontinents, superplumes and continental growth: the
Neoproterozoic record. In: Yoshida, M., Windley, B.F., Dasgupta, S. (Eds.),
Proterozoic East Gondwana: Supercontinent Assembly and Breakup. Geological
Society, London Special Publications 206, pp. 1e21.
Das, D.P., Bakliwal, P.C., Dhoundial, D.P., 1975. A Brief Outline of Geology of Parts of
Kameng District, NEFA. Geological Survey of India Miscellaneous Publication 24,
115e127.
Dasgupta, S., Ganguly, J., Neogi, S., 2004. Inverted metamorphic sequence in the
Sikkim Himalayas: crystallization history, PeT gradient and implications. Jour-
nal of Metamorphic Geology 22, 395e412.
De Celles, P.G., Gehrels, G.E., Quade, J., LaReau, B., Spurlin, M., 2000. Tectonic
implications of U-Pb zircon ages of the Himalayan orogenic belt in Nepal.
Science 288, 497e499.Dikshitulu, G.R., Pandey, B.K., Krishna, V., Dhanaraju, R., 1995. Rb-Sr systematics of
the granitoids of the Central Gneissic Complex, Arunachal Pradesh: implications
on tectonics, stratigraphy and source. Journal of the Geological Society of India
45, 51e56.
Evans, D.A.D., 2009. The Palaeomagnetically Viable, Long-lived and All-inclusive
Rodinia Supercontinent Reconstruction. Geological Society, London, Special
Publications 327, 371e404.
Gaetani, M., Garzanti, E., 1991. Multicycle history of the northern India continental
margin (northwestern Himalaya). American Association of Petroleum Geolo-
gists Bulletin 75, 1427e1446.
Gangopadhyay, P.K., Ray, S.S., 1980. Tectonic framework of the ‘Rangit window’
around Namchi, south Sikkim. Himalayan Geology 10, 338e352.
Gansser, A., 1964. Geology of Himalaya. Interscience, New York.
Geological Survey of India, 2005. Geological Map of the Himalaya (Eastern and
Northeastern Sector), Government of India, Kolkata.
Ghosh, A.M.N., 1956. Recent advances in the geology and structure of the eastern
Himalaya. In: Proceedings, Indian Science Congress 44, p. 85e99.
Goswami, S., Bhowmik, S.K., Dasgupta, S., 2009. Petrology of a non-classical Bar-
rovian inverted metamorphic sequence from the western Arunachal Himalaya,
India. Journal of Asian Earth Sciences 36, 390e406.
Grotzinger, J.P., 1986. Evolution of early Proterozoic passive-margin carbonate
platform, Rocknest Formation, Wopmay Orogen, Northwest Territories, Canada.
Journal of Sedimentary Research 56, 831e847.
Harris, N.B.W., Caddick, M., Kosler, J., Goswami, S., Vance, D., Tindle, A.G., 2004. The
pressureetemperatureetime path of migmatites from the Sikkim Himalaya.
Journal of Metamorphic Geology 22, 249e264.
Hou, G., Santosh, M., Qian, X., Lister, G., Li, J., 2008. Conﬁguration of the Late
Paleoproterozoic supercontinent Columbia: insights from radiating maﬁc dyke
swarms. Gondwana Research 14, 395e409.
Joshi, M., 2008. Pre-Himalayan tectonometamorphic signatures from the Kumaun
Himalaya. 23rd Himalaya-Karakoram-Tibet Workshop Extended Abstracts.
Himalayan Journal of Science 5, 75.
Joshi, M., Tiwari, A.N., 2004. Quartz c-axes and metastable phases in the meta-
morphic rocks of the Almora Nappe: evidence of Pre-Himalayan signatures.
Current Science 87, 995e999.
Joshi, M., Tiwari, A.N., 2007. Folded metamorphic reaction isograds in the Almora
Nappe, Kumaun Lesser Himalaya: ﬁeld evidence and tectonic implications.
Neues Jahrbuch für Geologie und Paläontologie 244, 215e225.
Kohn, M., Paul, S.K., Corrie, S.L., 2010. The lower Lesser Himalayan sequence:
a Paleoproterozoic arc on the northern margin of the Indian plate. Bulletin
Geological Society of America 122, 323e335.
Kumar, G., 1997. Geology of Arunachal Pradesh. Geological Society of India,
Bangalore.
Le Fort, P., 1975. Himalayas the collided range; present knowledge of the conti-
nental arc. American Journal of Science 275A, 1e44.
Le Fort, P., Debon, F., Pe
ˇ
cher, A., Sonet, J., Vidal, P., 1986. The 500 Ma magmatic
event in Alpine southern Asia, a thermal episode at Gondwana scale. Sciences
de la Terre. Mémoire (Nancy) 47, 191e209.
Long, S., McQuarrie, N., Tobgay, T., Rose, C., Gehrels, G., Grujic, D., 2012. Tectonos-
tratigraphy of the Lesser Himalaya of Bhutan: implications for the along-strike
stratigraphic continuity of the northern Indian margin. Geological Society of
America Bulletin 123, 1406e1423.
Matin, A., Mazumder, S., 2009. Deformation mechanisms in the frontal Lesser
Himalayan Duplex in Sikkim Himalaya, India. Journal of Earth System Science
118, 379e390.
Matin, A., Mukul, M., 2010. Phases of deformation from cross-cutting structural
relationships in external thrust sheets: insights from small-scale structures in
the Ramgarh thrust sheet, Darjiling Himalaya, West Bengal. Current Science 99,
1369e1377.
Miller, C., Klötzli, U., Frank, W., Thöni, M., Grasemann, B., 2000. Proterozoic crustal
evolution in the NW Himalaya (India) as recorded by circa 1.80 Ga maﬁc and
1.84 Ga granitic magmatism. Precambrian Research 103, 191e206.
Mohanty, S., 2012. Spatio-temporal evolution of the Satpura Mountain Belt of
India: a comparison with the Capricorn Orogen of Western Australia and
implication for evolution of the supercontinent Columbia. Geoscience Frontiers
3, 241e267.
Mukul, M., 2010. First-order kinematics of wedge-scale active Himalayan defor-
mation: insights from DarjilingeSikkimeTibet (DaSiT) wedge. Journal of Asian
Earth Science 39, 645e657.
Neogi, S., Dasgupta, S., Fukuoka, M., 1998. High PeT polymetamorphism, dehydra-
tion melting, and generation of migmatites and granites in the Higher Hima-
layan Crystalline Complex, Sikkim, India. Journal of Petrology 39, 61e99.
Oliver, G.J.H., Johnson, M.R.W., Fallick, A.E., 1995. Age of metamorphism in the
Lesser Himalaya and the main Central Thrust zone, Garhwal India: results of
illite crystallinity, 40Ar-39Ar fusion and K-Ar studies. Geological Magazine 132,
139e149.
Passchier, C.W., Trouw, R.A.J., 1996. Microtectonics. Springer-Verlag, Berlin.
Patranabis-Deb, S., Saha, D., Tripathy, V., 2012. Basin stratigraphy, sea level ﬂuctu-
ations and their global tectonic connections e evidence from the Proterozoic
Cuddapah Basin. Geological Journal 47, 263e283.
Paul, D.K., Chandy, K.C., Bhalla, J.N., Sengupta, N.R., 1982. Geochronology and
geochemistry of Lingtse Gneiss, DarjeelingeSikkim Himalayas. Indian Journal of
Earth Science 9, 11e17.
Raina, V.K., Srivastava, B.S., 1980. A reappraisal of the geology of the Sikkim Lesser
Himalaya. In: Valdiya, K.S., Bhatia, S.B. (Eds.), Stratigraphy and Correlations of
D. Saha / Geoscience Frontiers 4 (2013) 289e304304Lesser Himalayan Formations. Hindustan Publishing Corporation, Delhi,
pp. 231e241.
Ravi Shanker, Kumar, G., Singh, G., 1989. Stratigraphy and sedimentation in Hima-
laya. In: Geology and Tectonics of Himalaya. Geological Survey of India Special
Publication 26, pp. 1e60.
Ray, S., 1947. Zonal metamorphism in the eastern Himalayas and some aspect of
local geology. Quarterly Journal of the Geological, Mining and Metallurgical
Society of India 19, 117e140.
Ray, S.K., 2000. Culmination Zones in Eastern Himalaya. Geological Survey of India
Special Publications 55, 85e94.
Rogers, J.J.W., Santosh, M., 2004. Continents and Supercontinents. Oxford University
Press, Oxford.
Roy, K.K., 1976. Some Problems of Stratigraphy and Tectonics of the Darjeeling and
Sikkim Himalayas. Geological Survey of India Miscellaneous Publication 24,
379e394.
Saha, D., 2008. Coexistence of high temperature crystal plastic and brittle micro-
structures in the Main Central Thrust (MCT) Zone rocks, Sikkim Himalaya:
seismotectonic implications. In: Proceedings TOIS 2008, Gondwana Research
Conference Series 5, p. 69e70.
Saha, D., Tripathy, V., 2012. Paleoproterozoic sedimentation in the Cuddapah basin,
south India and regional tectonics: a review. In: Mazumder, R., Saha, D. (Eds.),
Paleoproterozoic of India. Geological Society, London Special Publications 365,
pp. 161e184.
Saha, D., Sengupta, D., Das, S., 2011. Along strike variation in the Himalayan orogen
and its expression along major intracontinental thrusts e the case of MCT in
Sikkim and Arunachal Pradesh, India. In: Tewari, R.P. (Ed.), Geodynamics,
sedimentation and biotic response in the context of India-Asia collision.
Memoir of the Geological Society of India 77, pp. 1e18.
Santosh, M., 2012. India’s Paleoproterozoic legacy. In: Mazumder, R., Saha, D. (Eds.),
Palaeoproterozoic of India. Geological Society, London Special Publications 365,
pp. 263e288.
Seeber, L., Gornitz, V., 1983. River proﬁles along Himalayan arc as indicators of
active tectonics. Tectonophysics 92, 335e367.Sinha-Roy, S., 1973. Tectonic evolution of the Darjeeling Himalayas. Quarterly
Journal of the Geological, Mining and Metallurgical Society of India 48,
167e178.
Sinha-Roy, S., Sengupta, S., 1986. Precambrian deformed granites of possible base-
ment in the Himalayas. Precambrian Research 31, 209e235.
Singh, S., Jain, A.K., 2003. Himalayan granitoids. In: Singh, S. (Ed.), Granitoids of the
Himalayan Collisional Belt. Journal of the Virtual Explorer (Electronic Edition)
11, 1441e8142.
Srivastava, H.B., Srivastava, V., Srivastava, R.K., Singh, C.K., 2011. Structural analyses
of the crystalline rocks between Dirang and Tawang, West Kameng District,
Arunachal Himalaya. Journal of the Geological Society of India 78, 45e56.
Trivedi, J.R., Gopalan, K., Valdiya, K.S., 1984. Rb-Sr ages of granites within Lesser
Himalayan Nappes, Kumaun Himalaya. Journal of the Geological Society of India
25, 641e654.
Valdiya, K.S., 1995. Proterozoic sedimentation and Pan-African geodynamic devel-
opment in the Himalaya. Precambrian Research 74, 35e55.
Yin, A., 2006. Cenozoic tectonic evolution of the Himalayan orogen as constrained
by along-strike variation of structural geometry, exhumation history, and
foreland sedimentation. Earth-Science Reviews 76, 1e13.
Yin, A., Dubey, C.S., Kelty, T.K., Gehrels, G.E., Chou, C.Y., Grove, M., Lovera, O., 2006.
Structural evolution of the Arunachal Himalaya and implication for asymmetric
development of the Himalayan orogen. Current Science 90, 195e206.
Yin, A., Dubey, C.S.,Webb, A.A.G., Kelty, T.K., Grove,M.,Gehrels, G.E., Burgess,W.P., 2010a.
Geologic correlationof theHimalayanorogen:part1.Structuralgeology,U-Pbzircon
geochronology, and tectonic evolution of the Shillong Plateau and its neighbouring
regions in NE India. Geological Society of America Bulletin 122, 336e359.
Yin,A.,Dubey,C.S.,Webb,A.A.G.,Kelty, T.K.,Grove,M.,Gehrels,G.E., Burgess,W.P.,2010b.
Geologic correlation of the Himalayan orogen and Indian craton: part 2. Structural
geology, geochronology, and tectonic evolution of the EasternHimalaya.Geological
Society of America Bulletin 122, 360e395. http://dx.doi.org/10.1130/B26460.1.
Zhao, G., Cawood, P.A., Wilde, S.A., Sun, M., 2002. Review of global 2.1-1.8 Ga oro-
gens: implications for a pre-Rodinia supercontinent. Earth-Science Reviews 59,
125e162.
